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EN-equations

Decomposition of electronic and nuclear motion
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EN-equations

The adiabatic basis

o electronic wave-function ®@g(r,t) on BO states

Or(r,t) = > (R )pp) (1)
k

o electronic equation (still exact!)
ék(R)t) :f(Cj(R)t)aCj,(R)t)aCj”(R)t)) \V/]
o non-adiabatic couplings
1 j k 2 j k
di R = (0| VroR), dF'(R) = (Vro}'| Veoy!)




EN-equations

In the adiabatic basis...

Rt = ZM Z\Ck| +chcldk1 +Z ciefdyy + o /crdy)
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Classical nuclei

The classical approximation

what does it mean?

o limit h — 0 of quantum mechanics?

o infinitely localized density?

. My
o small mass ratio < 17

!
o or ... ‘
HERE:
@ Ix(R,t)]* =8 (R—Re(t)): BUT carefullll R,t — Re(t)
5 —IAVRX _,
X
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Classical nuclei

first semi-classics (Van Vleck, PNAS 1928)

X(R,t) = exp [ S(R, t)} ~ G(R,t) exp [;SO(R,t)]

with & = So 4+ hS; + O(R?) and G(R,t) = exp [iS1(R, t)]

—{hVgx(R,t)
X(R, t)

V&rG(R, 1)

= VRgSo(R,t) —ih GRU)

then classical limit h — 0 (S is the classical action)

ViSo = P

roof: derive HJE at the zero-th order in h from TDSE
Mé (Goldstein, Classical mechanics)
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Classical nuclei

The classical approximation

what does it mean?
o limit h — 0 of quantum mechanics?

o infinitely localized density?

o small mass ratio Mq < 17
1
o Oor ... ‘
HERE:
@ Ix(R,t)]* =8 (R—Re(t)): BUT carefullll R,t — Re(t)
? 1hVyx _p

® ¢/(R,t),¢/(R,) =0 V]
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MQC dynamics

Mixed quantum-classical evolution

electronic equation I

Glt) = — (bR — (VIR P+ VR)) ] citt
(¢

— ) ¢j(t)Dy(R,P)
j
nuclear Hamiltonian'

2
M

Hn(R,P) = VIR, P)
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MQC dynamics

Mixed quantum-classical evolution

o effective potential Vers(R,P) = Veﬁc (R,P) +

1 2
Zlc] )12 s (R MP-A(R,t)+;‘A;m(c}‘(t)q(t)) ai'(R)
1<

o effective non-adiabatic couplings Dy;(R, P)

P in )
P (R) - o <VR Sl (R) — dfq)(R))
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Application

Quantum vs MQC evolution

Model Hamiltonian (Shin and Metiu, JCP 1995)
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Application

Quantum vs MQC evolution

populations of BO states effective potential
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Conclusion

Some observations

o no ad-hoc reaction of the classical system to quantum
transitions

o effective non-adiabatic coupling Dy;j(R, P) approximates the
exact electron-nuclear coupling

o velocity-dependent term in the classical nuclear
Hamiltonian coupled to the vector potential

o electronic evolution is norm-conserving

o nuclear potential Vg;)(R, P) is known!

o only one trajectory is needed
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Conclusion

Populations of adiabatic states

YR =Y F(Rt)ep (1) with Fi(Rt) = (R, Ix(R, 1)
k

remember: I)((R,t)l2 =6 (R—R.(t))
therefore

|CixaCt(t)|2 — JdR |Fk(R)t)‘2 = JdR |Ck(R3t)|2 6 (R—Rc(t))

= Jer(Re(t)* = lex ()
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Conclusion

Vector potential

EXACT!
. * . * 1
AR =R Y ci(Rtch(Rt) — ik Y (R, t)er(R, t)dy (R)
k Kl
APPROXIMATED?

AR 1) =—ih Y ci(Rt)ai(R, )y (R)
Kl

NO, STILL EXACT! because of the choice of the gauge

M@ (DR(t)] ¢ DR(t)) =0 = R%ci(R,t)cﬁ(R,t)
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Conclusion

Scalar potential

EXACT!
(VROR(D] VROR(E) = > |ef(R 07+ Y ci(R,t)er(R, t)dyy (R)
k k,l

+ch R, t)ci (R, )dl) (R) + ¢’ (R, )er (R, )AL} (R)

APPROXIMATED?
(Vr@r(t)| VRr(t) = ) ci(R,t)ai(R, t)d? (R)
k,l

YES!
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